We study the nature of the new signal reported by LHCb in the J/ψ p spectrum. Based on the S-matrix principles, we perform a minimum-bias analysis of the underlying reaction amplitude, focusing on the analytic properties that can be related to the microscopic origin of the Pc (4312) + peak. By exploring several amplitude parameterizations, we find evidence for the attractive effect of the Σ + cD 0 channel, that is not strong enough, however, to form a bound state.
We study the nature of the new signal reported by LHCb in the J/ψ p spectrum. Based on the S-matrix principles, we perform a minimum-bias analysis of the underlying reaction amplitude, focusing on the analytic properties that can be related to the microscopic origin of the Pc(4312) + peak. By exploring several amplitude parameterizations, we find evidence for the attractive effect of the Σ + cD 0 channel, that is not strong enough, however, to form a bound state.
Introduction.-From first principles of QCD, it is still unknown why the vast majority of hadrons appear to follow the valence quark model pattern proposed by GellMann and Zweig [1, 2] . The discovery of genuine multiquark states would be a major milestone in the history of strong interactions. In recent years, several exotic candidates have been reported [3] [4] [5] [6] [7] [8] . The observation by LHCb of a narrow peak at 4312 MeV in the J/ψ p invariant mass distribution in the Λ 0 b → J/ψ p K − decay [9] points to yet another hidden charm pentaquark. A hint of this signal, labeled P c (4312) + , was already visible in the earlier LHCb analyses, but it was statistically insignificant [10, 11] . The fact that such a narrow (∼ 10 MeV) peak stands out in what otherwise appears to be a smooth background permits a simple onedimensional analysis, although determination of its quantum numbers will require the full 6-dimensional amplitude analysis fitting both the energy and angular dependencies.
The signal peaks approximately 2 MeV below the Σ + cD 0 threshold. It is often said that an enhancement in the proximity of a two-particle threshold is a manifestation of a hadron molecule composed of the two particles. A J P = 1/2 − Σ + cD 0 molecule in the 4260-4300 MeV region was indeed predicted in various models [12] [13] [14] [15] [16] [17] . However, this is not the only possibility. Virtual states can be produced as well [18] , for example by an attractive interaction that is not strong enough to bind a state, as in neutron-neutron scattering [19] . Genuine compact pentaquark interpretations are also possible. A 3/2 − pentaquark was found in [20] at 4329 MeV. Compact diquark-diquark-antiquark states with spin assignment (1/2, 3/2) − at ∼ 4260 MeV, together with orbital excitations (1/2, 3/2) + at ∼ 4330 MeV, were predicted in [21] , and are compatible with a P c (4312) + .
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These various interpretations of the P c (4312) + signal are related to different analytic properties of the Λ
In this Letter we investigate what can be concluded from the LHCb data on the J/ψ p mass spectrum as far as the nature of the P c (4312) + peak is concerned.
Data and analysis of the P c (4312)
+ region.-The mass and width of the P c (4312) as determined from the LHCb analysis have been compared with pre-and post-dictions of several models (see for example [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] ). In contrast, we follow here a minimally biased approach. We construct a reaction amplitude that respects the generic principles of the S-matrix theory, and fit directly the experimental J/ψ p mass distribution. The S-matrix principles of unitarity and analyticity cannot fully determine the partial wave amplitudes, and unless the complete (infinite-dimensional, crossing symmetric) S-matrix is calculated, there will be undetermined parameters. These encode specifics of the underlying QCD dynamics. We leave them to be determined by data, rather than by a given model. We fit the cos θ Pc -weighted spectrum dN/d √ s measured in [9] , with √ s being the J/ψ p invariant mass, and restrict the analysis to the 4250-4380 MeV region where the P c (4312) + is found.
As a crosscheck we also analyze the unweighted J/ψ p spectrum in the same region, both with and without the m Kp > 1.9 GeV cut.
As mentioned, the effect of the Σ + cD 0 threshold looks 1 We recall that the compact pentaquark predictions rely on the preferred determination of the quantum numbers of the Pc(4380) + and Pc(4450) + , which might change when the twostate structure of the latter peak will be taken into account. The role of thresholds in multiquark states has been discussed in [22, 23] . [9] according to cases A (left) and B (right). The amplitude of case A is expressed in the scattering length approximation, i.e. cij = 0 in Eq. (3), and is able to describe either bound (molecular) or virtual states. The amplitude of case B is given in the effective range approximation, i.e. finite cii, and extends the description to genuine pentaquark states. The solid line and green band show the result of the fit and the 1σ confidence level provided by the bootstrap analysis, respectively. prominent in data. We thus consider an amplitude which couples J/ψ p (channel 1) and Σ + cD 0 (channel 2). There is another nearby threshold, 6 MeV above, which corresponds to the opening of the isospin partner, Σ
state. The J/ψ p spectrum suggests this heavier threshold to be less important. We thus discuss the two-channel case first, where the analytic properties are more transparent. We comment on the results of three-channel fit further below. The events distribution is given by
where ρ(s) is the phase space factor. We assume that the P c (4312) + signal has well defined spin, i.e. it appears in a single partial wave F (s). The background B(s) from all other partial waves is added incoherently, and parameterized with a linear polynomial. The amplitude F (s) is a product of a function P 1 (s) which provides the production of J/ψ p K − , 2 and the T 11 (s) amplitude, which describes the J/ψ p → J/ψ p scattering,
with i, j = 1, 2. Here
2 are the thresholds of the two channels. In principle, one could also add the off-diagonal P 2 (s)T 21 (s) term. This would not change the analytic properties, and would provide a nonzero value of F (s) when T 11 (s) vanishes. The presence of a zero would be a relevant feature if no background were present, and 2 The P 1 (s) function absorbs also the cross channel Λ * resonances projected into the same partial wave as Pc(4312) + .
in that case P 2 (s)T 21 (s) might be needed. In our case, we suppress such a term to reduce the number of free parameters. For the real symmetric 2 × 2 matrix M (s) we use the first-order effective range expansion
which is sufficient when considering the possibility of at most a single threshold state (virtual or molecular) and a compact state [34] . In the single channel case, this parameterization has often been discussed in the context of the Weinberg compositeness criterion [32, [35] [36] [37] [38] [39] .
The function P 1 (s) is analytic in the data region, and, given the small mass range considered, it can be parameterized with a first order polynomial. For particle masses, we use the PDG values m Σ + c = 2452.9 MeV and mD0 = 1864.83 MeV [40] . Since the width of the Σ + c is similar to the experimental resolution we neglect its effect. More details about the parameterizations and the fit results are in the Supplemental Material [41] .
Because of the square roots in k 1 and k 2 , the amplitude has branch cuts opening at the two thresholds. Through analytic continuation to complex values of s, one accesses four different Riemann sheets (see also Fig. 2 of [42] ). The physical region between the two thresholds is connected to the lower half of the II sheet. Similarly, the physical region above the Σ + cD 0 threshold is connected to the lower half of the III sheet. Poles in these sheets will appear as peaks with Breit-Wigner-like lineshape in data, if they lie below the respective physical regions, i.e. between the two thresholds for the II sheet, and above the heavier one for the III. From the II sheet, if one continuously moves to the upper half plane above the higher threshold, one enters the upper half of the IV sheet. Since the latter is hidden from the physical region, a pole here For each bootstrap fit we obtain a pole on the II sheet and its partners on the III sheet. The higher mass pole on the II sheet and its partner on the III are above the fitted energy range and try to capture the bump-like structure that appears at 4370 MeV. The lower mass pole on the II sheet and its partner on the III are responsible for the Pc (4312) + signal. The blue ellipses account for 68% of the two clusters.
will manifest in data as a cusp at the Σ + cD 0 threshold.
Results and discussion.-In order to determine the sensitivity of data to various scenarios, we consider two cases. In case A, we set c ij = 0, which corresponds to the scattering length approximation. This choice is substantially equivalent to the universal amplitude used in [43] to describe the X(3872). It is known that the amplitude T 11 (s) can have a pole on either the II or IV sheet, but not on the III [34] . This pole is entirely due to the opening of the heavier channel, and therefore it is a measure of the strength of the Σ + cD 0 interaction. Further interpretations can be drawn by considering how the pole moves as the coupling between the two channels is turned off. In this case, the pole could either move to the real axis of the physical sheet below the heavier threshold, thus representing a bound molecule, or move onto the real axis of the unphysical sheet, corresponding to an unbound, virtual state. In case B, we let the diagonal effective ranges c ii float. The off-diagonal c 12 does not add other singularities, is not needed to describe data and we set it to zero. In this case, poles related to the threshold as the ones just discussed are possible but not guaranteed, however other poles can appear on the II and III sheet.
3 The latter can be interpreted as originating from genuine pentaquark particles, with bare masses m ii /c ii , that move into the complex plane and acquire a width when coupled to the open channels. The other clear distinction between these and the threshold-related poles discussed above is that the latter move far less in the complex plane when the channel couplings are varied.
We fit the data using MINUIT [44] and taking into account the experimental resolution reported in [9] . The initialization of the parameters is chosen by randomly generating O(10 5 ) different sets of values. The amplitude in Eq. (1) is not protected against unphysical poles in the I sheet. Fits with such poles are discarded. The best solutions for the two cases have comparable χ 2 /dof 0.8. Figure 1 shows both fits to the data. The preference of case B over A is only at 1.8σ level calculated with the Wilks's theorem [45] , and we consider both cases as equally acceptable. In both cases, we find a pole 2 MeV above the Σ + cD 0 threshold, on the IV sheet for case A and II sheet for case B. For case B, additional poles appear further away from the Σ + cD 0 threshold, on the II and III sheet. These do not affect the P c (4312) + signal. To estimate sensitivity of the pole positions to the uncertainties in the data, we use the bootstrap technique [46, 47] , i.e. we generate 10 4 pseudodata sets and fit each one of them. The statistical fluctuations in data reflect into the the uncertainty band plotted in Fig. 1 . Moreover, for each of these fits, we determine the pole positions, as shown in Fig. 2 .
In case A, it is possible to identify a cluster of virtual state poles across the II and IV sheet above the Σ we track down the movement of the poles as the coupling between the two channels is reduced. By taking m 12 → 0, we can see how the cluster moves over to the upper side of the IV sheet and ends up on the real axis below the Σ + cD 0 threshold [41] . The fraction of poles that reach the real axis from the lower side of the II sheet is 0.7% only, and thus not significant. This result reinforces the interpretation of the pole as an unbound virtual state, meaning that the binding between the Σ + c and theD 0 is insufficient to form a molecule.
In case B, the poles on the II sheet accumulate in two clusters. The one closer to threshold has M P = 4319.8 ± 1.5 MeV and Γ P = 9.2 ± 2.9 MeV, and it is the one responsible for the P c (4312) + signal. As we did for case A, we study the motion of the poles as the channels decouple. The lighter cluster migrates onto the IV sheet, where it hits the zero of T 11 (s), and annihilates when m 12 = 0. Since the pole does not survive the decoupling, it is entirely due to the interaction between the two channels, and its motion to the furthest unphysical sheet also suggest a virtual state nature for the P c (4312) + as in case A.
The other poles, which are located further away from the Σ + cD 0 threshold can also be interpreted. There are two clusters of poles on the III sheet, one far above the Σ + cD 0 threshold, the other below (see Fig.2 ). The former could correspond to a resonance with standard Breit-Wigner lineshape as it appears to originate from the broad bump in the mass spectrum centered at √ s ∼ 4.37 GeV. 4 Although the presence of such state is not significant, as clear from the fact that case A fits data equally well, and no conclusion can be drawn before the complete amplitude analysis, it is an interesting speculation that such an enhancement might be related to the broad P c (4380) + observed by the previous LHCb analysis [10] .
As m 12 → 0, the two III sheet clusters move close to each other, and the heavier one disappears, multiplied by the amplitude zeros when m 12 = 0. In this uncoupled limit, only one pole per channel is left. Furthermore, as the channels close, which is achieved by replacing ik i → λik i and letting λ → 0, the poles move onto the real axis. It is worth noting that the fit chooses almost identical values for the ratios m 11 /c 11 m 22 /c 22 . This ratio determines the independent positions of the bare poles on the real axis in the two uncoupled channels and being equal, suggests existence of a single compact pentaquark.
We also performed a study of the three-channel case, including the Σ ++ c D − threshold. To simplify the approach we work in the scattering length approximation (as in case A) and in the isospin limit for the fitting parameters. The result of the fit and the pole positions are shown in Fig. 3 and details can be found in the Supplemental Material [41] . We find a single pole close to the Σ + cD 0 threshold on the II sheet. No other pole appears close to the physical axis above the Σ ++ c D − threshold. When the couplings between the channels are reduced, the pole quickly moves far to the left, and cannot interpreted as a physical state. We therefore conclude that the P c (4312) + signal could be a result of a complicated interplay of thresholds and feeble Σ cD interactions.
We perform further systematic analyses by considering Flatté and K-matrix parameterizations. Using a single K-matrix pole with an off-diagonal constant background leads to a pole on the II sheet in the same position as case A. On the other hand, the Flatté parameterization does not provide a good description of the P c (4312) + peak, and does not generate stable poles in the region of interest.
As a crosscheck we fit all the above approaches to the unweighted J/ψ p spectrum in the same region, both with and without the m Kp > 1.9 GeV cut. Results are consistent.
Conclusions.-In summary, we have studied the P c (4312)
+ reported by LHCb in the J/ψ p spectrum. We considered a reaction amplitude which satisfies the general principles of S-matrix theory, with a minimum bias from the underlying theory. The analytic properties of the amplitudes can be related to the microscopic origin of the signal. We fitted the LHCb mass spectrum in the 4312 GeV mass region including the experimental resolution. The statistical uncertainties in the data were propagated to the extracted poles using the bootstrap technique. We do not find support for a bound molecule. Based on a systematic analysis of the reaction amplitudes, we conclude instead that the interpretation of the P c (4312) + peak as a virtual (unbound) state is more likely.
SUPPLEMENTAL MATERIAL
• The animations of the pole motion are available in GIF format on http://www.indiana.edu/∼jpac/pc4312.php.
• We write here the explicit formula for the amplitudes described in the text. We use isospin to relate the Σ + cD 0 and the Σ ++ c D − channels: The function P1(s) is parameterized as p0 + p1s and B(s) as b0 + b1s. In each case the χ 2 /dof corresponds to the best fit obtained. The first column of parameters is obtained from the best fit, and should be used to reproduce the plots. The second column reports the mean value and uncertainty of the parameters from bootstrap. The phase space factor for the decay Λ
√ s, and λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2xz − 2yz is the Källén function. The size and shape of the incoherent background B(s) are comparable for all the cases, despite large variations in b0 and b1. The P (s) polynomials are also similar up to a scale factor. This gives further support that changing amplitudes as described in the text probes the dynamics of final state interactions. 
